Introduction
The temperatures of silica glass subject to shock pressures between 10 and 30 GPa were investigated by observation of shock-induced radiative thermal emissions.
In this pressure range many brittle materials deform heterogeneously under shock compression with the formation of localized zones of intense deformation and high temperatures surrounded by relatively undamaged cooler material. The study of these zones which are referred to as hot spots, shear bands, or microfaults is important because they play a role in the shock deformation process in minerals and particularly in shock production of glassy and high-pressure polymorphs. Spectra of light emitted from silica glass in this pressure range reveal the temperature, and to some extent the spatial density, of these microfaults. Observed temperatures appear to be related to the deformation occurring and, based on models of heterogeneous deformation, constrain the melting curve of minerals with pressure.
Quartz was chosen as a candidate for study for two major reasons. The first is the importance of quartz as both a crustal and a mantle mineral. High-pressure phases of quartz have been discovered at sites of large meteorite impacts and are presumably produced by the action of shock waves. Knowledge of the shock effects in quartz provides information for deducing the effects of large impacts on the Earth. Free SiO2 in the form of coesite or stishovite most likely does not exist in substantial quantities in the mantle despite cosmochemical estimates that it composes -35% by weight of the entire Earth but is a constituent of the highpressure phases of pyroxene, olivine, and garnet. Since the lower mantle is often described in terms of high-pressure phase oxide mixtures [Al'tshuler et al., 1965], a better understanding of the high pressure properties of SiO2 yields information pertinent to the study of mantle constitution and dynamics.
Second, SiO2 has been extensively studied in both high-pressure static and dynamic experiments. The highpressure polymorphs coesite [Coes, 1953] and stishovite [Stishov and Popova, 1961] have room pressure densities of 2.92 and 4.29 Mg/m 3 [Kuskov and Fabrichnaya, 1987] , respectively. Except for the discovery of coesite in kimberlites and deep-seated metamorphic rocks, the only natural occurrences of these minerals are at the sites of major impacts on the Earth's surface, suggesting formation from quartz by shock wave. Evidence (reviewed by Stbffler [1972, 1974] ) demonstrates that shock damage in quartz is nonuniformly distributed; shock compression in quartz below 35 GPa is a heterogeneous process. Observation of the radiative temperatures of fused SiO2 under shock compression will aid in further understanding of shock processes in brittle minerals.
Previous high-pressure work on SiO2 is reviewed and a model of the shock deformation process in silica glass is presented. Results of shock temperature measurements from fused quartz in the pressure range from 10 to 35 GPa are interpreted in light of this model, and implications for the mantle are suggested.
Background
We consider the microscopic effects of the passage of a shock wave through a solid brittle medium with emphasis on silica glass. Covalently bonded minerals of geophysical interest undergo brittle deformation according to Grady [1980] . Shock deformation of partially covalent minerals, such as SiO2, MgO, A1203, and CaCO3, is characterized by all or some of the following features: (1) the existence of large Hugoniot elastic limits, (2) a fluid like release from high pressure, (3) a nonequilibrium Hugoniot in the mixed phase region for minerals with a primary coordination phase change, and (4) the observation of heterogeneities in minerals recovered from a shock wave experiment.
The Hugoniot elastic limit (HEL) is the shock pressure at which dynamic yielding occurs; shock compression below the HEL is an elastic process, and plastic deformation occurs above the HEL [Davison and Graham, 1979] .
This results in a first shock propagating slightly faster than the longitudinal sound speed (elastic precursor) with magnitude equal to the HEL followed by a slower second shock described as a plastic wave with amplitude of the final shock pressure. Two wave shock structures have been reported in shock compression experiments on both alpha and fused quartz to 75 GPa [Wackerle, 1962; Fowles, 1967; Sugiura et al., 1981] . They attribute the two-wave structure, observed over a wide pressure range, to anomalously high HEL in quartz which has been measured by a variety of methods to range from 5.5 to 15 GPa for differing crystal orientations [Fowles, 1967; Graham, 1974] . Similarly, estimates of the fused quartz HEL range In contrast to metals which retain a finite shear strength above the HEL, evidence was presented in the above studies, indicating that silica loses its rigidity above the elastic limit; that is, the Hugoniot of quartz collapses to predicted static compression curves. Silica compressed above the elastic limit may be characterized as fluid like [Graham, 1974] . This fluid like behavior is best observed during the release of a shock compressed quartz crystal from high pressure. Grady et al. [1975] The transformation to the high pressure phase occurs within the shock front, little further transformation occurs during the remainder of the compression, (2) the release path for quartz shocked to less than 10 to 15 GPa returns to the initial density, (3) the release path of quartz shocked into the mixed-phase region (15 to 34 GPa) follows a path indicative of mixed quartz-stishovite, the ratio of stishovite increasing proportionally with pressure, and upon release to less than 8 GPa, reversion to a lower density approximately that of crystalline quartz, and (4) above 50 GPa the release path is essentially that of the highpressure phase until a released pressure of 5-8 GPa is reached, whereupon a reversion to a lower-pressure phase with a density of-•2.2 Mg/m3 occurs.
The most direct evidence for the transformation to the high pressure polymorphs is the recovered phases from both natural impact craters and laboratory shock experiments.
Abundant coesite and smaller amounts of stishovite have been detected in rocks subjected to high shock pressures during meteorite impacts [Chao et al. 1960 [Chao et al. , 1962 Kieffer, 1971] . Shock laboratory production of stishovite from quartz in single crystals, novaculite, and sandstone was reported by DeCarliandMilton [1965] . The lack of coesite in their recovered samples is not understood. Kleeman and Ahrens [1973] pointed out that the direct transformation from quartz to stishovite should occur at a pressure of---7.5 GPa and not 14 GPa and identified stishovite from quartz shocked above 9.0 GPa; increasing quantity was found with increasing pressure until at pressures above 23. [1974b] in shock recovery experiments on fused quartz found that it undergoes deformation similar to that of crystalline quartz. As in crystalline quartz, they note that at shock pressures above the HEL, the fused quartz splits into blocks separated by layers of melt. The solid blocks are thus subjected to hydrostatic compression and are permanently densifted, whereas the melt takes on the characteristics of a highpressure phase. Moreover, Wackerle [1962] found that fused quartz shocked to 25 GPa transformed to fine particles with densities in the 2.4-2.5 Mg/m3 range whereas material shocked to higher pressures had the normal 2.2 Mg/m 3 density in agreement with index of refraction data [Gibbons and Ahrens, 1971; Arndt et al. 1971] . Gratz [1984] , consistent with an earlier study [Schaal and Horz, 1977] , observed planar microfaults of thickness of .--1-10 gm oriented at 450-55 ø to the shock wave propagation direction in approximate agreement with the orientation of the maximum resolved shear stress with respect to the shock propagation direction [Jones and Graham, 1971] . These microfaults are filled with glass; displacement across these microfaults is seen by offset of broken rutile needles separated by a microfault. The observations of steps emerging from the surface perpendicular to the shock direction in scanning electron micrographs [Ashworth and Schneider, 1985] are consistent with the production of microfaults characterized by relative displacements. The microfaults are to be distinguished from shock lamellae [St6ffier, 1972 [St6ffier, , 1974 , the latter occur in sets of 4 to 12 and are narrow planes of lengths to 50 gm and thicknesses of 0.5 to 500 nm [Gratz, 1984] . Additionally, the shock lamellae have an orientation nearly perpendicular to the shock propagation direction and appear to be crystallographically controlled. Lamellae are apparently formed at the same time as the microfaults.
Alternatively, a series of tensile cracks, also filled with glass and oriented perpendicular to the shock propagation direction is observed in shock recovered material. These are features of the release of the material from high pressure. These tensile remnants of the shock recovery experiment are smaller than the microfaults, and the glass that they contain appears to have originated in the microfaults and then migrated into the connected tensile cracks upon release (A. Gratz, personal communication, 1987 At a high enough shock pressure the volumetric density of these melted or sheared zones becomes large relative to the volume of the undamaged blocks such that rapid equilibration of the shocked material takes place on a time scale much less than the shock wave experiment. At this point the deformation would appear much more homogeneous [Grady, 1977 [Grady, , 1980 . This model explains the loss of shear strength behind the shock front and the phase transformation by shock wave in quartz.
Experimental Procedures
Experiments were conducted on the 40-mm powder gun atthe Seismological Laboratory of the California Institute of Technology in a configuration similar to that of Kondo and Ahrens [1983a] . Planar shock waves were generated within the samples by impact of metal flyer plates (Table 1 and Figure 3 ) with velocities of up to 2.5 km/s. Heating of the sample by shock compression resulted in the emission of visible light. This light propagates through the unshocked portion of the sample and is directed to a diffraction grating spectrometer whose output is recorded by a charge coupled device (EG&G Princeton Applied Research optical multichannel analyzer, model 1257) to give a visible spectrum. This digitally recorded spectrum is then used to determine a gray body temperature for the material while it is under shock compression. In addition to the spectrometer, a photodiode supplies a record of intensity versus time and a framing camera [Schmitt et al., 1986 ] gives short exposure images of the sample under shock compression.
Cylindrical fused silica samples (T12 Optosil 1, Amersil Corp.) of 2.54 cm diameter and 0.6 cm thickness were purchased prepolished to an optical grade flatness. The specific gravity of the samples was measured to an accuracy of 0.02% by the Archimedean method. Silver was vacuum-deposited on one face to mask light flashes on arrival of the shock wave at the driver-sample interface due to gaps [Kondo and Ahrens, 1983b] . The silver-coated sample face was mounted with epoxy or phenyl salicylate to a metal driver plate (Table 1) which had been polished to a mirror finish with a final corundum grit of 0.3 gm. An opaque mask with an hole of inside diameter of 13.0 mm was centered on the sample free surface to eliminate light emissions from regions near the edges of the sample.
Shock pressures were determined with the impedance match method [Duvall and Fowles, 1963] and using the Hugoniot data for fused quartz, magnesium, aluminum, copper, and tungsten by Marsh [1980] and the experimentally detenn/ned projectile velocities.
Light recorded by the optical multichannel analyzer passes through a series of photocathode intensifiers which are controlled by a high voltage pulse; the detector may thus be gated to record spectra on time scales as short as A portion of the beam is focused by a series of lenses into a TRW framing camera which images the sample during shock propagation. The framing camera allows up to three 100-500 ns exposures to be taken during propagation of the shock wave. 
Data Reduction
The observed number of counts at each spectrometer channel is proportional to the time-integrated intensity of the emitted radiation at the given wavelength. To obtain a spectrum, the raw data in counts were multiplied by a conversion factor relating spectral radiance intensity to number of counts derived from the calibration procedure ( Figure 6 ). The temperatures of the standard lamps are approximately 2700 K; the calibration factor thus is very sensitive to errors toward the red and violet ends of the observed spectral range.
The determination of shock temperatures from the observed spectra assumes that (1) the material radiates as a Planck gray body, (2) the emissivity of the material under shock compression is independent of. wavelength, and (3) the temperature range of the experiment is such that a Wien's law spectral radiance distribution may be used. Assumptions 1 and 2 are based on the shape of the observed fused quartz spectra which, in general, are indicative of a thermal radiation: no line or band emissions are noted, 
•T where ln(cl/(RX,5)) and c2/X are dependent and independent variables and a standard linear regression is then applied to find the slope 1/T and intercept-ln(oe) which yield temperature and emittance, respectively. Since data at either wavelength range extreme have a larger uncertainty due to the reasons mentioned above, each datum is relatively weighted by its corresponding raw data. count (see Figure 6 ). The raw data Ihnction supplies a reasonable weighting scheme as it inherently accounts for both sensitivity of the system and spectral regions of maximum emission (i.e., lowest signal to noise ratio).
Results
Figure 7 shows the spectra observed for x-cut crystalline shots 611 and 615 at shock pressures of 10.6 and 7.6 GPa, respectively. The shape of the spectra are greatly influenced by a nonthermal emission centered at approximately 500 nm and cannot be fit to a gray body curve. The shape of the spectra, however, is indicative of broadened line emission superimposed upon a gray body spectra. The determination of shock temperatures was the primary motivation for this study; further experiments on crystalline quartz were discontinued since in this pressure range the large nonthermal component of the x-cut quartz spectrum does not allow accurate temperature determination.
Brannon for shocked crystalline quartz from 6 to 26 GPa. They also observed a nonthermal bandlike spectral feature with peaks at 400 and 600 nm. Present observations displayed an emission at 500 nm, the difference in data may be due to the higher wavelength resolution of this study. The source of this nonthermal radiation is unclear and may be related to photoluminescence or cathodoluminescence [Brannon et al., 1983b] . Since no nonthermal component was observed from fused quartz, the 500-nm crystalline quartz emission may be related to breaking of long-range crystalline order or the inherent piezoelectricity of quartz.
Another proposed explanation may be related to the production of the shock lamellae in crystalline quartz. Because fused quartz is a homogeneous, isotropic, amorphous material, it has no structural preferences, and probably no shock lamellae are produced. Conceivably, thermal radiation may be associated with the shear heating within microfaults (in both fused and crystalline quartz), and nonthermal radiation could arise from the formation of the diaplectic glass within the shock lamellae (in crystalline quartz only).
The framing camera photograph consists of two exposures of shot 634 under shock compression (Figure 8) , each of 100 ns duration and separated by 300 ns. The first exposure was initiated 50 ns after entry of the shock wave into the sample. The corresponding photodiode record for 634 ( Figure 12 ) commences with zero intensity at the entry of the shock wave into the fused quartz sample and builds in a linear fashion with time. This furnishes convincing evidence that the bright spots observed in the photograph originated within the compressed fused quartz and not at the driver-sample interface.
Figures 9, 10, and 11 and Table 1 present the spectra and related data for the present experiments on fused quartz. The best fit Planck gray body function is plotted through each spectrum. It should be noted that although we believe the observed fused quartz spectra to be of a thermal nature, the possibility exists that the spectra could be contaminated by nonthermal emissions as observed in the two single-crystal quartz experiments. This possibility is most apparent for shots 634 and 688 at shock pressures near 10.0 GPa which yield formal standard deviations of the gray body temperatures of 38.8 K and 57.8 K, respectively, and whose spectra decay rapidly toward the infrared wavelengths. Except for the low signal to noise spectra of shot 635 with a standard deviation of 57.1 K, the remainder of the formal standard deviations derived from the least squares routine yield temperature uncertainties less than +30 K, suggesting that these spectra are indeed primarily of a therm• origin. However, we believe these uncertaities to be unrealistically small and, on the basis of experience with the data, suggest an uncertainty of +_200 K is more appropriate for the observed temperatures. Figure 9 are the spectra obtained in the pressure range from 10 to 16 GPa which is the region of permanent densification along the fused quartz Hugoniot. Unexpectedly, the temperatures are highest in this lowest of pressure ranges studied. As noted, shots 688 and 634 display a marked drop in intensity at lower wavelengths (less than 450 nm) which may be attributed to poor spectrometer sensitivity in this wavelength region and reinforces the importance of weighting the data in least squares fits of equation (3). This low sensitivity effect may also be seen at the high wavelengths where there is a noticeable increase in the signal to noise ratio. The level of noise for shot 635 is particularly high as in this experiment most of the fight was routed to the TRW framing camera. where AE is the internal energy change upon shock compression, V0 and V1 are the initial and final specific volumes, respectively, and Ph is the shock pressure. Ideally, the present experiments are designed to prevent light generation at the driver-fused quartz interface. Because of the opaque silver film, detected light originates only within the shocked fused quartz. The production of hot shear deformation zones appears to be nearly constant with time. The hot zones persist for a time scale of the order of the transit time of the material [Grady, 1980] , and the absorption characteristics of the shock compressed material appear to be nearly identical to the as yet unshocked material.
This results in a linear increase in the emitted intensity with time [Boslough, 1985] ; the ideal photodiode record would therefore have a nearly linear increase in intensity with the propagation of the shock wave into the sample. Such behavior is displayed by shots 634 and 709 at pressures of 9.8 and 27.5 GPa, respectively. However, many of the experimental photodiode records (Figure 12 ) display a more complicated structure which includes evidence of some fused quartz sample-driver interface heating (coinciding with entry of the shock wave into the sample). This problem has been addressed by Table  1 , severe contamination occurs when spectrometer accumulation occurs primarily during the time of decreasing photodiode intensity due to interface cooling. Moderate contamination occurs when the gap flash is low amplitude and part of the accumulation time overlaps with decreasing photodiode intensity. Contamination is considered to be small when accumulation time occurs in an increasing or almost level portion of the light intensity signal observed after the interface temperature has decayed to the continuum temperature of the shocked sample. In Table 1 , none refers to no gap flash contamination.
Although we expected that the potential effect of gap flashes on the measured temperatures might be very deleterious, we found surprisingly that shots at nearly the o) Figure 4) . We expect this thermal radiation to be characteristic of temperatures ranging from the shock continuum temperatures in regions for which microfault produced heat has not yet conducted to the material fusion temperature within the molten zones of the microfault. Under the assumptions that (1) all regions of the sample emit at the same emissivity regardless of temperature and that emissivity is independent of wavelength and temperature, (2) within the viewed zone of the sample the microfaults are uniform in both spacing (2Y) and width (2b), (3) the height of the microfaults is proportional to the distance the shock wave has propagated into the sample and is therefore a function of both time and shock wave velocity Us, (4) the microfaults are planar and of a breadth much larger than both the height and width, (5) collection of radiant energy by the spectrometer commences at a time t = to after entry of the shock wave into the sample at time t = 0 and ends at time t = tf (i.e., the gate time is tf-to), and (6) for all times, unshocked portions of the sample at room temperature emit insignificant thermal radiation over the spectral range of the spectrometer and may be ignored; the proportionality of the collected spectral energy EL is given by E• Ct Rx(T(y,z,t))dzdydt (9) where R•, is the spectral radiance given by equation ( experiments, only conduction of heat in the y direction normal to the microfault, as described by equations (6), (7), and (8), is recognized. Equation (9) was evaluated numerically by an algorithm which integrated equation (1) by summing of step functions over small temporal and spatial intervals. In the alogorithm, the two-dimensional region -b < y < Y and 0 < z < Z is broken up into blocks with dimensions of Ay = 10 -7 m by Az = UsAt, where At = 10 -9 s. For each time to + nat, where n is an integer and 0 < n < (tf-to)/At, a temperature T for each block was calculated using the assumptions above with the parameters of Table 2; this temperature was then used in equation (1) to find a spectal radiance intensity contribution which was then summed to the total collected spectral energy E•. at a wavelength •.. A calculated "synthetic" spectra was formed by evaluating equation (9) at 100 equally spaced wavelengths from 400 to 900 nm. Finally, the gray body temperature of this spectra was determined by regression of equation (3) [ 1974b] mentioned earlier suggest that these solid regions are simply isentropically compressed by the shock wave and are consequently at the continuum temperature To immediately behind the shock front. The assumption that the microfault may be described as a zone of melt at a uniform fusion temperature Tm may not be as accurate. For example, models of the deposition of energy dissipated by shock compression into uniformly spaced planes can yield localized temperatures as high as 10,000 K for quartz [Grady, 1980] , and these predicted high-temperature excursions could be a large source of error in our analysis and in the interpretation of the observed temperatures in field 2 as fusion temperatures. However, this model ignores both use of some of the deposited energy in the production of melt, with the result that the high temperatures should be bufferred to some extent, and the possible initial deposition of the energy over noninfinitesimal planar volumes through nonbrittle deformation of the material. Finally, we believe that the 
Comparison of New Melting Data With Earlier Results
The proposed estimates (Figure 13a and Table 1) 
where q is the effective viscosity, C is a constant, Tm is the melting temperature, T is the temperature of the material, and g is a dimensionless constant empirically found to be --18.0 for most metals. The applicability of equation (10) 
Conclusion
The major findings of this study are the following: 1. Fused quartz, like other brittle minerals subject to shock compression, undergoes heterogeneous shock deformation characterized by localized zones of melting between 16 and 30 GPa. Evidence for this is supplied by the framing camera photographs that show hot regions which persist and grow during shock compression and the high temperature/low emittance gray body spectra observed between 16 and 30 GPa.
2. The observed temperatures reflect the temperature of the localized zones of deformation. Shock recovery and release wave studies suggest that these zones are molten during shock compression. Shock recovery work and the Hugoniot of fused quartz suggest that the high-pressure solid phase (stishovite) is produced within these shear bands or microfaults.
3. The melt temperature within these microfaults may be buffered by the production of the high pressure phase and as such may reflect the liquidus temperature of stishovite at high pressure. This suggests that this temperature is approximately 3000 K in the pressure range of 20-30 GPa and is independent of pressure.
4. Shock compression becomes more homogeneous with increasing pressure as evidenced by the general increase in emittance with pressure.
5. Shock temperatures observed in the pressure range of 10-16 GPa are up to 2000 K higher than temperatures at increased shock pressure and appear to be related to the onset of the fused quartz-stishovite phase transformation.
